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Abstract 
Recently, the interest for the implementation of local ion implantation for emitter formation has been renewed, as it 
results in high cell efficiencies [1], while the amount of process steps is reduced. After implantation, a thermal 
diffusion (annealing) is necessary for the removal of the ion-induced damage, the activation of dopants and the 
formation of the desired profile shape. The goal is to change the implanted retrograde near surface (10-100nm) 
inactive profile, into a damage free, box-like shaped, and fully active emitter (or BSF) with a low saturation current 
density (J0e).  
     Here, we study different post-implantation annealing schemes, to achieve high performance boron emitters for n-
type IBC solar cells. We show experimentally, that the use of oxygen gas during the boron anneal has an impact on 
the electrical performance (J0e) of the emitter. On the other hand, the obtained J0e values are higher than those 
obtained by the standard diffusion approach. Hence, in order to understand these results and optimize the 
implant/anneal process, the modeling of the profile shape and the damage evolution would be extremely valuable. In 
this work, we report on our initial simulation results, and we demonstrate the impact of oxygen on the evolution of 
the profile shapes of the implanted B-emitters after anneal, taking into account boron diffusion kinetics mechanisms 
such as Transient Enhanced Diffusion (TED) and Oxidation Enhanced Diffusion (OED). Moreover, we monitor the 
residual damage and we make a first effort to correlate the increase on the J0e values with the residual damage levels. 
Throughout this work, we adopt the process simulator tool Sentaurus Process.  
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
Even though tube furnace diffusion is the primary method for the emitter formation in solar cells, the 
implementation of local ion implantation (I/I) represents a promising alternative approach, to reduce the 
increasing complexity in the structure of high efficiency modules. The emitter fabrication process of an 
Interdigitated Back Contact cell (IBC), consists of two patterned doping steps, and as patterning diffusion 
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requires multiple process steps, the complexity and the manufacturing costs can be high. On the other 
hand, ion implantation is directional and very easy to be patterned in a single step by means of shadow 
masks. I/I offers precise control of the dose and homogeneity, and as a low temperature process, does not 
lead to the formation of doped glass (BSG or PSG). 
 After the realization of both dopant implantations (B and P), only a single high temperature activation 
annealing is required. By careful design of the implantation procedure and the activation annealing it is 
possible to obtain the desired profile shape (junction depth and surface concentration), as the combination 
of these techniques offers increased flexibility.  
Although ion implantation is the dominant process in the CMOS industry, some issues prevented its 
implementation to PV so far. Among them, the major concerns were the implanter tool throughput and 
the annihilation of the damage that has been introduced into silicon lattice during the implantation. Recent 
developments on ion implantation technology [2], allowed the tool productivity at 1100 wafers/hour, a 
value which is a step towards the throughput requirements imposed by modern PV production lines. 
This paper presents the first results of an investigation of the post implantation damage evolution 
during the activation anneal and its correlation to the emitter saturation current, J0e. Accurate modeling of 
the damage evolution during oxidizing and non oxidizing conditions, can offer significant guidance to the 
design optimization of the emitter. In the last part, we are presenting a first attempt to correlate the 
increased J0e values as observed in some of the samples, with the residual damage levels. 
2. Experimental 
Boron I/I has been performed on Cz silicon wafers (resistivity of 2 Ohm.cm and a thickness of 200 
μm), using a fixed energy (5 keV) and three different doses in the range of 8e14-2e15 at/cm2. These 
implantation values are chosen so as to create an emitter with an Rsheet between 80 and 150 Ohm/sq. The 
implantations were done on a 300 mm Optima MD medium current implanter from Axcelis. Si carriers 
were used to support the thin substrates during implantation.   
To achieve the required depth (> 1 micron) and a low surface concentration (1e19 at/cm3), the highest 
temperature used in every annealing condition is 1050˚C. Two annealing schemes have been 
implemented based on different oxidation sequence: (a) OxideFirst and (b) OxideLast, both containing a 
15 min @1050˚C (in N2) and a 10 min @ 950oC (in pure O2) step, but in reverse order. Moreover, a third, 
non – oxidizing scheme which includes a 60 min annealing step at 1050˚C has been investigated.  The 
annealing details (duration, temperature evolution and ambient gas for each step) are shown in Fig. 1. The 
saturation current densities of the resulting emitters are determined on symmetrical structures with quasi 
steady state photo conductance (QSSPC). The surface received a saw damage removal and was passivated 
with the annealing oxide. Samples that did not sustain oxidation were passivated with AlOx.  
 
3. Modelling 
 
 For the accurate modeling of the dopant diffusion and activation kinetics, Synopsys Sentaurus 
Process (SProcess) [3] software has been used. In order to achieve higher accuracy, and to investigate the 
impact of the most important phenomena involved in this process (OED, TED and Doping Enhanced 
Oxidation - DEO), the modeling of the actual experimental conditions was preceded by a thorough 
calibration procedure. In this direction, a number of simpler and well controlled furnace anneals has been 
performed on ion implanted samples. The implantation conditions, annealing temperatures (800, 950 and 
1050˚C) and duration (10, 30 and 60 min) were chosen, so as to be relevant to the actual thermal cycles. 
The oxide thickness measurements in each condition, helped to the optimization of the prediction of the 
oxide growth rate enhancement due to DEO. The precise prediction of the oxide growth rate is also 
crucial for the diffusion process, as OED is proportional to it. Special care has been taken for the accurate 
calculation of dose loss into the oxide, during the oxidation process.  
The main effort was put on the determination of the models that would describe the Boron dopant 
transport and clustering, the evolution of damage annihilation due to thermal treatment (point defect 
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clustering formation and dissolution), as well the interaction of dopants and point defects. The five stream 
dopant transport model ChargedReact that has been implemented, is the most accurate model for the 
description of the boron atoms diffusion due to their interaction with interstitials. The monitoring of the 
evolution of the interstitial supersaturation is crucial, as it constitutes the driving force for the TED 
phenomena [4]. In order to effectively calculate the interstitial population, it is necessary to include 
models which take into account the boron – interstitial cluster formation and dissolution (Boron – 
Interstitial cluster model: ChargedCluster) as well as the Interstitial cluster evolution from small clusters 
(SMIC’s), to {311} defects and finally to Dislocation Loops or DL’s (Defect cluster model: Full). 
Regarding the oxidation effect on diffusion (OED), emphasis was given to the careful calibration of the 
interstitial injection from the growing oxide into Si. The excellent level of agreement between SIMS, 
sheet resistance measurements and oxide thickness in every condition used in the calibration procedure, 
confirmed the accuracy of the selected combination of models. 
 
4. Results and discussion 
4.1 Impact of oxidation on diffusion kinetics 
     The starting point of this analysis, is the investigation of the effect of the oxidation sequence at the 
start or end of the annealing to the critical emitter properties (junction depth, sheet resistance and J0e). 
Based on the models and parameter selection from the calibration procedure, we have proceeded with the 
simulation of the effect of three annealing schemes. Fig. 2 shows experimental and simulated Boron 
concentration profiles for the three samples that have underwent the “Oxidation first” thermal treatment. 
This condition is of the highest interest due to the fact that OED is more pronounced. The matching 
between SIMS and SProcess provides additional confirmation on the calibration procedure.  
In order to obtain a better understanding on the effect of the mechanisms involved in the diffusion 
process, and their contribution to the overall profile movement, concentration profile snapshots have been 
extracted right after each annealing step (as numbered in Fig.1) and presented in Figures 3 a and b. The 
first remark is related to the fact that the use of oxidizing conditions at the start of the anneal (Oxide First) 
(Figure 3a) results in a similar final junction depth value with the Oxide Last case (Figure 3b). It is 
worthwhile to stress that, even though the two schemes resulted in almost the same final profile depth, the 
driving mechanisms behind the diffusion were different and the overall result was a balance between 
TED, OED and dose loss. We begin our analysis from the “oxide first” case which is depicted in Fig. 3a. 
During the first step, wafer temperature ranges from 800 to 950oC, a region where TED is still a key 
factor to diffusivity enhancement. At the beginning of the anneal, the damage created due to ion 
implantation (“+1” model), provides enormous quantities of interstitials, and thus gives rise to interstitial 
supersaturation phenomena. The interstitial supersaturation is several orders of magnitude higher than the 
equilibrium value, resulting in significant profile movement, as Boron diffuses primarily through an 
interstitial coupling. At this stage, the contribution of OED is not so important, as the partial pressure of 
Oxygen into O2/N2 mix is relatively small (10%). By the end of the first step, the interstitial concentration 
has already reached its equilibrium value due to recombination and clustering [5]. At the beginning of the 
second step, the Oxygen’s partial pressure is increased, so the OED effect becomes more prominent [6]. 
The interstitial injection in the Si-substrate (in order to compensate for the stress induced by volume 
expansion) during the formation of SiO2, gives a new boost to the interstitial population (≈9×times the 
equilibrium value) and thereby increases the diffusivity. The extra effect in the profile depth is limited to 
40-50 nm in view of the small duration of the oxidation (10 min). Regarding the influence of the 
subsequent annealing steps on the overall profile movement, simulation results have shown that the 
interstitial concentration is in near proximity to the equilibrium values, so it can be assumed that the 
dependence of TED and OED is negligible. On the other hand, the fact that oxidation is taking place 
while the largest amount of Boron is closer to the interface leads to a larger consumption of the Boron 
atoms into the growing oxide. This higher dose loss, leads to lower diffusion in the next step due to the 
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fact that extrinsic diffusion is also affected by the (p/ni) and (p/ni)2 factors.   
      In the “oxidation last” case (Fig. 3b), the profile movement is mostly dominated by the 60 min ramp 
up step from 800 to 1050oC, taking place at inert conditions. A significant part of this movement can be 
attributed to TED, especially while temperature is below 900-950oC. As oxidation takes place in the final 
two steps, the majority of boron has already migrated deeper inside the silicon bulk, and thus, the growing 
oxide consumes less Boron. As a result, the concentration dependent diffusion component is higher 
comparing to that in the “oxidation first” case. Another consequence of the “delayed” oxidation is that the 
profile has already moved inside the Si bulk, so it less affected by the interstitial injection from the 
Si/SiO2 interface which constitutes the driving force behind the OED occurrence. However, as it will be 
discussed on the next session, the different oxidation sequence, has not only an effect on the profile 
shape, but also on the implantation induced damage removal and thereby J0e. 
 
   
Fig. 1. Annealing conditions for the three schemes used, 
oxide first (orange), oxide last (red) and non oxidizing – 
Long N2 (pink). Numbering corresponds to each step of the 
annealing, while N2, O2 and N2/O2 indicate the ambient gas, 
at this step  
 
 
Fig. 2. Simulated (SProcess) and experimentally obtained (SIMS) 
results for samples implanted with three different doses, and exposed 
to the “oxidation first” annealing treatment. Note the excellent 
agreement between experiment and simulation  
       a b 
Fig. 3. Boron profile evolution during the subsequent annealing steps in the “OxFirst” (a) and “OxLast” (b), thermal schemes for 
the 5 keV / 2e15cm-2 case, as obtained by SProcess. Note the considerable profile movement in the 10 min @ 950oC oxidation 
step on the “oxidizing first” case, which can partially be attributed to OED. In the “oxidation last” case, diffusion is dominated by 
the TED during the initial ramp up step, while the contribution of the oxidizing step is almost negligible  
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4.2 Residual damage and correlation to Joe  
As the final goal of this work is the correlation of the residual damage to J0e, the effective modeling of 
the damage evolution during the thermal treatment is crucial. The high annealing temperatures lead to a 
complete dissolution of the Boron – defect clusters, however this is not the case for Interstitial 
agglomerations, such as {311} and mainly, Dislocation Loops. The latter constitute the final step in the 
evolution of I’s from small clusters (SMIC’s) to {311} defects and then to DL’s. These extrinsic defects 
are formed during the thermal annealing of ion implanted Si [7], and are found to be very stable even at 
high temperatures [8]. Their final density and size is controlled by the two Ostwald ripening regimes 
(conservative for inert anneals and non – conservative for oxidizing conditions) [9].  
Figure 4 presents the residual damage levels, as extracted from SProcess for every implantation / 
annealing condition. C311 and CLoop represent the total dose of interstitials trapped into 311 defects and 
Dislocation Loops, while D311 and DLoop are the respective defect densities. N2 corresponds to the long 
ambient annealing, while OxF and OxL stand for “Oxidation First” and “Oxidation Last” schemes, 
respectively. From this graph, it is evident that the “oxidation first” annealing led to inadequate damage 
annihilation, as the remaining damage is almost two orders of magnitude higher, compared to the other 
two annealing schemes. The ineffective damage recovery, can be attributed to the fact that oxidation 
increases the stability of DL’s due to the higher number of interstitials that are available (through the 
interstitial injection from SiO2 to Si) [9]. Therefore, during the initial oxidation steps, the DL’s average 
size grows significantly, so they are more resistant to ripening during the following steps. On the 
contrary, in the oxidation last scheme, the high temperature second step results in the dissolution of a 
larger portion of DL’s, so the subsequent oxidation steps cannot contribute to the loop stability. As for the 
long N2 anneal condition, the absence of oxidation results in reduced stability of the defects and in a more 
effective damage removal.  
 
Fig. 4. Residual damage after the thermal treatment for all 
implantation / annealing conditions, as extracted from SProcess. 
C311 and CLoop represent the total dose of interstitials trapped 
into 311 defects and Dislocation Loops, while D311 and DLoop 
are the respective defect density. N2 corresponds to the long 
ambient annealing, while OxF and OxL stand for “Oxidation 
First” and “Oxidation Last” schemes, respectively. Note the 
considerably higher remaining dose of interstitials trapped in 
DL’s for every implantation dose at the “Oxidizing first” 
scheme, due to higher DL stability   
 
Fig. 5. Relative deviation of simulated J0esim to experimentally 
determined J0eexp values for every implantation / annealing 
condition combination (black squares) along with the residual 
dose of Dislocation Loops (red squares) as extracted by 
SProcess. Refer to text for the J0esim extraction procedure. The 
relative deviation is higher, when the residual damage levels 
are high (OxF). In N2 and OxL cases, the more effective 
damage annihilation led to the same residual damage doses, 
and the observed difference on the deviation between J0eexp 
and J0esim can be attributed to the different passivation (thermal 
oxide for OxL and AlOx for N2) 
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The next step was the theoretical calculation of the saturation current density based on the simulation 
results. The initial approach lies in the implementation of the saturation current density map from King et 
al. [10]. By extracting the surface concentration and junction depth values from the simulated 
concentration profiles for every implantation / annealing condition, it is possible to make a rough 
estimation of the J0e. Unfortunately, this map is based on simplifications and assumptions (i.e. the profile 
is considered to be Gaussian, something that is far from reality in our case) that limit the accuracy of the 
calculations, so these results can only be used for qualitative and not for quantitative purposes. The 
extracted J0e values from this map, were divided by a factor of 2, to reflect the revised values for ni.  
However, it offers the possibility for a preliminary correlation of the residual damage level to J0e. In order 
to do so, we have calculated the relative deviation between the experimentally determined (by means of 
QSSPC, J0eexp) and theoretically predicted J0esim (SProcess + map from King et al.), in other words the 
(J0eexp- J0esim)/ J0eexp ratio, and plotted it along with the residual damage dose, for each sample. As King et 
al. did not take into consideration the damage into their calculations, the theoretical J0esim value 
corresponds to the J0e of an emitter without any residual damage. From Figure 5, it is evident that in the 
oxidation first scheme, which resulted in the poorest damage recovery, the deviation is maximal. The 
larger number of interstitials trapped on the DL’s increase the possibility for bulk recombination due to 
the SRH mechanism, and thus can account partially for the large J0e values obtained by QSSPC. On the 
other hand, even though the “oxidation last” and the “N2 long” anneal schemes present almost the same 
residual damage levels, there is a difference in the J0e deviation, since the oxide grown in the case of the 
“oxidizing last” has poorer passivation properties compared to AlOx which was deposited in the samples 
exposed to the “N2 long” anneal. Overall, even though the results are only qualitative, it is evident that in 
the “oxidation first” condition, where the damage recovery was incomplete, the residual damage 
contributed significantly to the increase of J0e, while in the other two cases where the damage annihilation 
was more effective, the J0e values were far more closer to the theoretically expected one. At this point, we 
are on the verge to continue the simulations from a device level point of view, in order to be able to 
calculate, the most important cell parameters, such as J0e and efficiency, in a more refined way. For this, 
we will use the results obtained from SProcess (dopant and damage profiles) as input to SDevice, so as to 
extract the J0e values for each type of passivation. By combining SProcess and SDevice we will be able to 
obtain a unified modeling approach and thus, to predict the optimum I/I + annal conditions for the 
achievement of emitters with the desired performance characteristics. 
 
5. Conclusions 
 
       This paper presents results from the first step towards describing the saturation current density 
behavior of emitters that have been formed after I/I and thermal treatment, and their link to the damage 
annihilation during the annealing. The first part included the calibration of the diffusion and oxidation 
procedure by means of a specially designed set of experiments. By applying the calibration results to the 
actual thermal cycles, we were able to model the annealing effect both to profile movement and damage 
evolution. In the last part of this work we have used the calculated values for Ns and xj to extract 
theoretical values of J0e, which were subsequently compared to experimentally obtained values. By 
juxtaposing the deviation between these data to the residual damage levels, we had a first indication about 
the direct correlation between them. Moreover, we were able to justify the different effect of each 
annealing scheme to J0e, depending on the presence and sequence of oxidation, in terms of damage 
recovery effectiveness. 
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